The degree of protection conferred by natural rotavirus infection was estimated through analyses of data gathered as part of a 2-year rotavirus vaccine study of 1185 Native American infants. In 292 placebo recipients with complete serum sample sets, rotavirus IgA antibody indicative of infection before 2 months of age was associated with a 58% decrease in symptomatic infections throughout the trial. In all 391 placebo recipients, the preventive effectiveness of an initial symptomatic infection was 72% overall and 94% within 6 months following the infection. In contrast to studies conducted at other sites in the United States, serotype G3 was the predominant serotype associated with gastrointestinal episodes (80%). The effectiveness of an initial serotype G3 episode with respect to preventing subsequent serotype G3 episodes was 91%.
The degree of protection conferred by natural rotavirus infection was estimated through analyses of data gathered as part of a 2-year rotavirus vaccine study of 1185 Native American infants. In 292 placebo recipients with complete serum sample sets, rotavirus IgA antibody indicative of infection before 2 months of age was associated with a 58% decrease in symptomatic infections throughout the trial. In all 391 placebo recipients, the preventive effectiveness of an initial symptomatic infection was 72% overall and 94% within 6 months following the infection. In contrast to studies conducted at other sites in the United States, serotype G3 was the predominant serotype associated with gastrointestinal episodes (80%). The effectiveness of an initial serotype G3 episode with respect to preventing subsequent serotype G3 episodes was 91%.
Rotavirus is the leading cause of severe diarrhea morbidity in infants and children throughout the world [1, 2] . Although prevention of rotavirus gastroenteritis has been deemed to be of high priority by international agencies and the Institute of Medicine [3] , recent studies of tetravalent rhesus rotavirus vaccine have demonstrated overall efficacy against rotavirus disease of only ∼50% (with a range of 24%-66%) in children !2 years of age [4] [5] [6] [7] [8] [9] [10] .
The protection conferred by a natural infection may be regarded as a target for vaccine development efforts. Most studies of rotavirus diarrhea have been unable to address the issue of natural immunity because of the relatively small numbers of episodes or follow-up time in the study group. Studies that have been able to furnish estimates generally have found high protective effectiveness of an initial rotavirus infection or symptomatic episode [11] [12] [13] [14] [15] , but this has not always been the case in populations with high exposure [16] . Although rotavirus antibody has not been definitively established as the mediator of protection against rotavirus disease, it has been reported that anti-rotavirus antibody both results from and generally cor-relates with protection against further rotavirus infections [17] [18] [19] [20] .
A rotavirus vaccine efficacy trial was conducted in Native American communities in the southwestern United States in 1992-1994 to evaluate the safety and efficacy of a monovalent rhesus rotavirus vaccine (RRV-S1) and a tetravalent rhesus rotavirus vaccine (RRV-TV) [6] . The relatively large number of rotavirus gastroenteritis episodes in the placebo group enabled us to control for age and seasonality in evaluating the role of rotavirus infections in preventing further symptomatic and asymptomatic rotavirus infections. During the trial, RRV-TV vaccine was 50% efficacious in preventing all rotavirus gastroenteritis episodes and 53% efficacious for serotype G3 episodes. In this population, unlike other US populations, serotype G3 predominated, affording us the opportunity to assess the protective effect of an initial serotype G3 infection.
Subjects and Methods
Study participants. Native American infants aged 2-6 weeks residing on the Gila River Indian Reservation, the Navajo Nation, the San Carlos Apache Indian Reservation, and the White Mountain Apache Indian Reservation were enrolled in a three-arm double-masked trial to evaluate the efficacy of RRV-TV ( pfu/ 5 4 ϫ 10 dose) and RRV-S1 ( pfu/dose) vaccines [6] . Of the 1185 5 4 ϫ 10 infants enrolled between January and October 1992, there were 391 in the placebo arm, 398 in the RRV-S1 arm, and 396 in the RRV-TV arm. Disease surveillance continued until 31 January 1994. Overall, 91% of enrolled infants completed the first year of surveillance, and 77% reenrolled and completed the second year of surveillance.
Analysis populations. For the analyses of asymptomatic rotavirus infections, we include the subset of participants for whom results of 3 serum samples were available for determination of immune responses. This subset comprises the 292 placebo recipients from whom samples were obtained just before the first immunization (median age, 2 months) and the third immunization (median age, 5 months) and at 12 months of age. We restrict analyses of the protective effects of asymptomatic infections to this group to avoid selection biases and noncomparability across subgroups defined by what sets of serologic results were available. Otherwise, for example, we might be comparing a child who had evidence of infection in a given interval with a child who had no opportunity to have an infection detected in that interval because of lack of the follow-up serum sample. For the analyses of the protective effect of symptomatic rotavirus infections, we have included all 391 placebo recipients.
Definitions of episodes and infections. Symptomatic rotavirus episodes were characterized by the isolation of rotavirus in infants with gastrointestinal illness (three or more watery or loose stools in a day or projectile vomiting). We required 30 days between defined episodes to ensure the distinction between repeat symptomatic episodes. Asymptomatic infections are defined by a ≥4-fold rise in rotavirus IgA between successive blood samples among those who did not have a symptomatic rotavirus infection between the samples. At the first sample, those with rotavirus IgA ≥20 U/ mL were considered to have had a prior rotavirus infection. This was considered conservative, since the limit of detection was 4 U/ mL. The term "infection" in isolation refers to both symptomatic rotavirus episodes and asymptomatic infections. Because the last blood specimen was collected at 12 months of age, only symptomatic rotavirus infections were detectable after that time.
Surveillance and analysis of stools. Homes of study participants were visited weekly to interview the caretakers regarding their infants' health and to collect stool specimens from those infants who had an episode of gastrointestinal illness. There was no systematic collection of stools from asymptomatic children. Specimens could be collected at any time between episode onset and 7 days after episode resolution. After initial storage at Ϫ20ЊC for 1 day, they were stored at Ϫ70ЊC until the next monthly shipment to the J. N. Gamble Institute of Medical Research (Cincinnati) for rotavirus detection [21] and serotyping [22] .
Rotavirus IgA analysis. Serum rotavirus IgA was determined by ELISA as described previously [23] , except that a lysate of RRV rather than 89-12 was used to bind rotavirus IgA to the wells of the plates.
Statistical analyses. Results are phrased in terms of the effectiveness (complement of the risk or rate ratio) of an infection or episode and its associated 95% confidence interval. We used Taylor series-based confidence intervals for the first set of analyses of risk ratios [24] , in which follow-up time in the analysis intervals was relatively constant across participants, with P values from twosided Fisher's exact tests [25] .
In the second set of analyses, time-to-event Cox survival models were fit to analyze the intervals from enrollment to the start of the first rotavirus episode and from the first to the second episode. This is accomplished by taking as the outcome the time from enrollment to the second episode but including a time-dependent variable that is zero until the start of an initial rotavirus episode, at which time it jumps to unity [26] [27] [28] . The exponentiated coefficient of this timedependent variable gives the instantaneous relative risk of the occurrence of a second episode among those with a first episode compared with the risk in those who have not yet experienced an episode. Subjects were censored at the earliest of the following: a second rotavirus episode, loss to follow-up, or the end of the study (31 January 1994) . Variations on this approach are described below with the relevant results. A close adjustment for age was incorporated using a three-knot restricted cubic spline [29] . Calendar time was used for the Cox model time line to account for seasonality of rotavirus exposure. Thus, participants enter the risk set at the time of year at which they were enrolled, and when an episode occurs, the status (zero, one, or two episodes) of each participant at that calendar time is ascertained and compared with the status of each other participant.
Asymptomatic infections were ignored in this set of time-to-event analyses for two reasons: Their serotype was unknown, and they occurred very frequently throughout the observation period to almost all infants, so their timing relative to the symptomatic episodes was not known. Against this background level of asymptomatic episodes, the observed effectiveness associated with the symptomatic episodes might be interpretable as follows: It is the maximum effectiveness we could expect, in this population, of a vaccine delivered at the same point in time (in place of the episode). Table 1 contains the asymptomatic and symptomatic rotavirus infection and episode patterns of all 292 participants enrolled in the placebo arm with results from all 3 serum samples. At the time of enrollment (receipt of first placebo dose), 21% (62/292) had experienced a rotavirus infection, according to our definition (rotavirus IgA ≥20 U/mL). Of those enrolled by 8 weeks of age, 8% (8/116) had evidence of a prior rotavirus infection, compared with 30% (53/176) of those enrolled between 8 and 25 weeks of age. Including these initial infections, by the end of the study, 88% (256) of the participants experienced at least one rotavirus infection (only symptomatic infections were recorded after a child was 12 months of age), 20% (58) experienced at least two infections, and 2% (5) experienced three infections.
Results

Protective effects of early asymptomatic or symptomatic infections.
These data are further summarized to yield the effectiveness analyses in table 2. The effectiveness of a preenrollment infection with respect to preventing rotavirus disease episodes during the entire trial was 58% (table 2) . This increased to 70% when attention was restricted to episodes occurring only within the first year of life (not shown). The effectiveness of a single rotavirus infection (either asymptomatic or symptomatic) at any time before the third administration of placebo was 45% for prevention of a subsequent rotavirus gastroenteritis episode, while it was 100% for those who experienced two infections (table 2) . This latter estimate, however, was based on only 10 early double infections.
Protective effects, overall and serotype-specific, of symptomatic infections. There were 128 symptomatic rotavirus episodes in the entire placebo group of 391 infants. Their serotype distribution was as follows: 29 indeterminate, 12 G1, 8 G2, and NOTE. There were 319 infections in 292 placebo recipients with complete data during study period. 2M, 5M, 12M, median age at time of 3 serum samples ( ); 24M, median age at end of year 2 of follow-up. A, infection M ϭ months defined by rise in IgA only; S, rotavirus gastrointestinal illness episode documented by both stool analysis and symptomatology (SS, 2 such episodes); 0, no positive serology or stool specimen. Before first serum specimen (pre-2M), no data on symptoms were collected, and some infections may have been symptomatic. (table  3 ). The first model (A) evaluated the effectiveness of a symptomatic infection of any serotype for prevention of a subsequent symptomatic infection of any serotype. The estimated effectiveness was 72%. The analysis then was restricted to only serotype G3 episodes by censoring at the first nondeterminate or non-serotype G3 episode, with the relevant covariate being the first serotype G3 episode (model B). The serotype-specific effectiveness for serotype G3 was 91%. Similarly, we fit serotypespecific models restricted to serotype G1 and G2 episodes, with estimated effectiveness of Ϫ544% ( ) and 100% ( P ϭ .08 P ϭ ), respectively, but they were based on very few episodes. . 06 We also fit a model to estimate heterotypic protection: The effectiveness of an initial serotype G3 episode for prevention of serotype G1 or G2 episodes was Ϫ44% ( ). Again, P ϭ .51 small numbers render interpretation difficult and result in wide confidence intervals. For example, even a 50% heterotypic effectiveness would not be incompatible with the data.
We fit models to estimate the degree of waning of effectiveness of an initial episode with respect to subsequent episodes. The first such model was similar to model A but with an additional interaction term denoting whether the second episode occurred within 6 months of the first episode or not. We found that within the first 6 months following an initial symptomatic rotavirus episode, there was 94% effectiveness associated with that initial episode, dropping to only 36% thereafter ( for P ϭ .03 interaction, i.e., difference between the two estimates). The second model was similar to model B, that is, for serotype G3 episodes only. It gave an estimate of 100% effectiveness within 6 months after the initial episode and 72% thereafter (P ϭ for the difference). .15
Discussion
In this American Indian population, there appeared to be a high degree of exposure to circulating rotavirus, with evidence of 86% of the infants having acquired an infection by the end of the first year of the trial, and 34% having had a symptomatic rotavirus episode detected in the first year. Reinfection rates were also high; 26% of those with at least one infection had at least a second, and 10% of those with an infection in the first year had a symptomatic rotavirus infection in the second year, in spite of the sharply declining attack rates over time. These figures contrast sharply with those in the general US population. In one US multicenter study, only 16% of placebo recipients had a symptomatic rotavirus infection in the first year, and of the 40% who had any evidence of rotavirus infection during the first year, only 1% had a symptomatic infection during the second year [30] . In another US multicenter study, 25% of placebo recipients had a symptomatic rotavirus infection in the first season [7] , and in a Finnish multicenter study, this figure was only 16% over two seasons. Moreover, unlike in the general US population, rotavirus infections remained endemic throughout the year in our study population. These Table 3 . Time-to-episode Cox models for evaluating effectiveness of a given first rotavirus episode for prevention of a second episode. differences could be due to any of a number of variables: factors related to lower socioeconomic status, genetic factors, or other environmental or behavioral factors.
Our data analyses indicate there was a substantial protective effect associated with rotavirus infections before enrollment, from 58% to 70% depending on the length of observation, 2 years or 1, respectively. Of the placebo infants in our subset with 3 serum samples, 116 were enrolled before 8 weeks of age; of these, 8% were positive for IgA compared with 30% of the 176 enrolled at ≥8 weeks. Although this suggests that the majority of the preenrollment rotavirus infections were acquired postneonatally, others have reported that neonatal infections also provide substantial protection against subsequent rotavirus disease in both an industrialized [31] and a less industrialized [32] country. For a single asymptomatic rotavirus infection before the end of the immunization series (∼6 months), the effectiveness was 45%, which increased to 100% for two such infections. This latter number is based on only 10 instances of early double infections; still, these findings are consonant with the results of Velazquez et al. [15] , who noted steadily increasing effectiveness against future infections associated with number of infections.
The time-to-episode Cox models showed relatively high effectiveness (72%) of an initial symptomatic rotavirus infection against further episodes. This is very close to the 77% effectiveness of a symptomatic episode reported by Velazquez et al. [15] in a Mexican population with comparable levels of rotavirus infections (about 8% infected by 2 months of age, identical to our population, and 67% infected by 12 months of age compared with our 86%) and using similar statistical methods. We observed even higher homotypic protection (for serotype G3, the predominant strain in this population), which was estimated to be 91%. We had insufficient data to make definitive statements about heterotypic protection.
Our homotypic protection results accord with those of many researchers in diverse populations. Ward and Bernstein [30] , Bernstein and colleagues [11, 13] , Ukae et al. [12] , and Linhares et al. [14] all reported 190% protection conferred by an initial rotavirus infection. Reves et al. [16] reported no overall protective effect of an initial infection, but in that Egyptian population there appeared to be greater serotypic diversity and exposure than in many studied populations. It has been suggested that multiple infections may result in heterotypic immunity [12, 33] . In spite of an apparent high level of circulating rotavirus, there were only 5 infants with more than two detected rotavirus infections (symptomatic and asymptomatic combined) among our placebo recipients. This may be a consequence, however, of high homotypic protection, lack of exposure to other serotypes, aging effects, or incomplete surveillance. Velazquez et al. [15] reported some evidence of increased homotypic protection, but definitive results with respect to heterotypic immunity are difficult to obtain; they require very large studies in populations with much greater serotypic variation than is seen in many settings.
We had evidence of significant waning of the protective effect of a symptomatic rotavirus episode. Although Chiba et al. [34] reported a similar result, Bernstein et al. [11] demonstrated high homotypic protection through the year following the first infection. These discrepancies could be due to differences in degree of exposure or levels of circulating rotavirus, to withinserotype genetic diversity, or to immune system or nutritional status differences.
There are two principal sources of bias in our analyses. The first is that they ignore variability of exposures and susceptibility to rotavirus among the infants. As noted by Reves et al. [16] , there are pockets, or subsets, of infants at high risk who tend to experience more reinfections. Infants who have experienced one infection by a given point in time may be more highly exposed in the future than are those who have had no infections. This will bias effectiveness estimates toward zero. The other potential bias is that there may be more intervening infections than we have detected, with priming effects boosting the apparent effectiveness of an observed infection (symptomatic or asymptomatic). A third potential source of bias derives from a lack of specificity in our definition of rotavirus episode; rotavirus was the only pathogen for which we had data and, although detected, may not have been the cause of a given gastrointestinal illness episode.
Accurate assessment of the degree of protection afforded by natural rotavirus infections is rendered difficult by the above sources of bias and by factors such as age-and season-related differences in susceptibility and exposure. We have accounted for these factors to the extent possible through careful attention to age-and time-related risk sets and relevant comparison groups, leading to conclusions of high homotypic protection and relatively high overall protection in this American Indian study population. The data suggest that if we take the protective effectiveness of naturally conferred immunity as an upper limit, there is still room for improvement of multivalent rotavirus vaccines with multidose protocols.
